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Introduction {#sec004}
============

It is well established that the skin, the largest organ of the body, is highly implicated in the thermoregulation process \[[@pone.0212512.ref001]\]. The human body is homoeothermic, in which thermal cutaneous signals provide feedback to the thermoregulation system, reducing its response time and making body core temperature more stable. There is evidence that the autonomic nervous system is the primary regulator of blood circulation in the skin, that acts as the main regulator of thermal emission \[[@pone.0212512.ref001]\]. However, the regulation of skin temperature (Tsk) depends on the rate of blood flow, structures of the subcutaneous tissue and the activity of the autonomic nervous system \[[@pone.0212512.ref002]\]. Change in Tsk may be an indicator of abnormalities, such as a disease \[[@pone.0212512.ref002],[@pone.0212512.ref003]\]. Ring and Ammer \[[@pone.0212512.ref003]\] and Lahiri *et al*. \[[@pone.0212512.ref004]\] have reported that thermal imaging has been used to study diseases where Tsk can reflect the presence of inflammation in underlying tissues, or where blood flow is increased or decreased due to a clinical abnormality.

The use infrared thermography (IRT) is growing in popularity as a diagnostic tool for applied medicine or as outcome measure for clinical trials \[[@pone.0212512.ref005]--[@pone.0212512.ref008]\]. IRT allows imagining of the body surface temperature in real time with high sensitivity (up to 0.025°C) and accuracy up to 1% without physical contact \[[@pone.0212512.ref009]--[@pone.0212512.ref011]\]. This technology quantifies the infrared radiation emitted by a surface and converts the intensity of radiation to temperature values, allowing the monitoring of dynamical variations of temperature and is considered an emerging methodological alternative to analyzing Tsk \[[@pone.0212512.ref010]\]. Its use has also included the monitoring of sports training and in the assessment of the workload quantification \[[@pone.0212512.ref012]--[@pone.0212512.ref014]\]. Additionally, IRT has been utilized to monitor physiological reactions induced by non-pharmacological interventions such as massage \[[@pone.0212512.ref015],[@pone.0212512.ref016]\], manual therapy \[[@pone.0212512.ref017],[@pone.0212512.ref018]\] and physical exercise \[[@pone.0212512.ref007],[@pone.0212512.ref019],[@pone.0212512.ref020]\]. Therefore, IRT is a promising tool to detect changes in Tsk caused by exercise by monitoring body surface temperature before, during and after movement \[[@pone.0212512.ref014],[@pone.0212512.ref020],[@pone.0212512.ref021]\]. This is especially important when determining the authenticity of new exercise modalities, such as whole body vibration exercise (WBVE). For instance, there has been a growing interest in the use of WBVE. It has been suggested as a complementary modality to traditional exercise where it is acknowledged as a viable option in sport and health care \[[@pone.0212512.ref022]\]. However, the physiological effects of WBVE are still not fully understood and its efficacy for safe clinical application requires further research. Generally, WBVE is performed by standing on a commercially manufactured machine with an oscillating-vibratory platform (OVP) where the physiological effects are influenced by parameters such as, vibration frequency, peak-to-peak displacement, work and rest times, total exposure time, number of bouts per session, periodicity of sessions and body position \[[@pone.0212512.ref023]\]. The load on the neuromuscular system is imposed by biomechanical vibration parameters and according to Luo *et al*. \[[@pone.0212512.ref024]\] vibration frequencies between 30 Hz and 50 Hz optimize muscle activity. Moreover, performing WBVE in a squat position increases perfusion, which requires it to comply with higher muscle demands---as a result muscular activity increases to attenuate the imposed vibration. This muscular activity elicits rhythmic muscle contractions that increases peripheral circulation by increasing the diameter size of small vessels in the quadriceps and gastrocnemius \[[@pone.0212512.ref025],[@pone.0212512.ref026]\]. Additionally, Lythgo *et al*. \[[@pone.0212512.ref027]\] demonstrated that isometric squatting alone can significantly increase leg blood flow and that higher vibration frequencies can further enhance leg blood flow.

The effect of WBVE on Tsk remains equivocal. Previous researchers have reported a significant increase \[[@pone.0212512.ref028],[@pone.0212512.ref029]\], non-significant change \[[@pone.0212512.ref030],[@pone.0212512.ref031]\] and a significant decrease in Tsk \[[@pone.0212512.ref032],[@pone.0212512.ref033]\], however the intervention and assessment protocols have widely been heterogeneous. Moreover, there is a limited number of studies that have assessed the effect of different vibration frequencies on Tsk \[[@pone.0212512.ref032]\], and this would be highly relevant. Given the lack of agreement among the studies and the dearth of research comparing the effects of different vibration frequencies on Tsk, the aim of this study was to evaluate the effects of WBVE in healthy individuals exposed to a single session of 0, 30 and 50 Hz. The hypothesis is that the effect of WBVE, evaluated by the Tsk, would be related to frequency, time, laterality (right and left legs) and regions of interest (ROI) over 60-seconds. Moreover, Tsk symmetry would be similar in right and left legs.

Materials and methods {#sec005}
=====================

Study design {#sec006}
------------

This was a cross-sectional study performed in a single session. The local ethics committee approved the study (*Certificado de Apresentação para Apreciação Ética*---*CAAE---*19826413.8.0000.5259) and Trial registration (*Registro Brasileiro de Ensaios Clínicos---REBEC*---RBR-738wng) and it was conducted in accordance with the Resolution 158 N 466/12 of the National Health Council and the Declaration of Helsinki. The protocol was deposited in "protocols.io" ([dx.doi.org/10.17504/protocols.io.wqhfdt6](http://dx.doi.org/10.17504/protocols.io.wqhfdt6)). All volunteers gave written informed consent to participate in the work. To detect a before-and-after difference in lower limb temperature of 1.5 ± 0.9 °C, with a two-sided 5% significance level at a power of 90%, with an anticipated dropout rate of 10%, a minimum sample size of 19 participants was required \[[@pone.0212512.ref034]\].

Participants {#sec007}
------------

Nineteen participants (physiotherapists, physicians, biologists) volunteered for the study (15 females and 7 males). The participants had to meet the following inclusion criteria of aged 20 to 45 years old and healthy. The exclusion criteria were; joint pain and/or implants, musculoskeletal diseases, vertigo and other clinical diseases that could involve some risk or discomfort during WBVE, other declared disease. To reduce bias the order of the exposure was randomized using colored cards ([Fig 1](#pone.0212512.g001){ref-type="fig"}), and those assessing the outcomes and the participants do not know order of the frequencies.

![Flowchart.](pone.0212512.g001){#pone.0212512.g001}

Intervention {#sec008}
------------

The intervention was performed in the *Laboratório de Vibrações Mecânicas e Práticas Integrativas (LAVIMPI)*, *Universidade do Estado do Rio de Janeiro (UERJ)* at December 27th, 2017 with controlled ambient temperature (25.5 ± 0.35°C) and relative humidity (50.5 ± 2.16%). All procedures were followed by health professionals (physicians, physiotherapists and biologists). Before the intervention, all participants were provided with a 15-minute acclimation period to ensure Tsk was stabilized. To avoid any effect of circadian rhythm participants performed the intervention session between 1--5 pm. A health-activity interview about the caffeine intake, smoking (nicotine) and sports training, at least, in the previous four hours before the intervention was conducted. The measurement of body mass and height and the determination of the body mass index were carried out \[[@pone.0212512.ref035]\] prior to the intervention. During the intervention, participants wore shorts, t-shirt and were barefooted.

The acute intervention was performed on a commercial machine (Power Plate pro5 ^™^, Power Plate International Ltd, The Netherlands) that had a vertical tri-planar OVP. The intervention consisted of a single session with three bouts of 60-seconds with 90-seconds rest separating each bout. Participants assumed a squat position on the base of the OVP with 130° knee flexion (measured by a manual goniometer), the distance of the feet followed the line of the shoulders and the arms to the side ([Fig 2](#pone.0212512.g002){ref-type="fig"}). Participants were exposed to three experimental protocols of squat position + without vibration (0 Hz); squat position + WBVE 30 Hz (frequency), 1.20 mm (amplitude) and squat position + WBVE 50 Hz (frequency), 0.77 mm (amplitude).

![Whole body vibration exercise intervention.](pone.0212512.g002){#pone.0212512.g002}

A three-axial accelerometer (Vibration Datalogger DT-178A, Ruby Electronics, Saratoga, USA) was fixed on the base of the OVP to verify the peak acceleration and gravitational force of the OVP. The vibration frequency of 30 and 50 Hz with 1.20 and 0.77 mm of amplitude produced a gravitational force of 2.22 *g* and 4.40 *g* at a peak acceleration of 21.73 m/s^2^ and 43.11 m/s^2^, respectively.

### Lower limb temperature assessment {#sec009}

Skin temperature was assessed using IRT and data collection followed the recommendations of previously published studies \[[@pone.0212512.ref036],[@pone.0212512.ref037]\]. An infrared camera (FLIR Systems, E40, Wilsonville, OR, USA), with a sensor array size of 160 x 120 pixels and noise equivalent temperature difference (NETD) of 70mK at 30°C and had ±2% repeatability of the overall reading. The camera's emissivity was set to 0.98 and images were captured and processed using the software FLIR ResearchIR Max (version 4.40.4.17, Sweden).

The camera was placed at an angle of approximately 90° to the surface and 2 m from the WBVE machine to provide a full view of the lower limbs. The height of the camera varied according to the height of each participant corresponding to 10 cm below the popliteal line of the right leg of each individual.

[Fig 2](#pone.0212512.g002){ref-type="fig"} also illustrates the sequence of the different steps of the various procedures starting with the acclimation of the participants up to the acquisition of the IRT, as presented in the timeline.

A sequence of images of the posterior aspect of the lower limbs was automatically recorded for 1 minute in each bout at 30 frames per second. These 1800 images were divided in five equal ranges with 360 frames each. The average of the area selected, consisted of 12 seconds of duration, were obtained to represent the mean time of range (6, 18, 30, 42, and 54 seconds, respectively). In all time frames a focal line was used to assess the same ROI. [Fig 3](#pone.0212512.g003){ref-type="fig"} shows the ROI used in the analysis (left and right thighs, left and right knees, left and right calves, left and right heels).

![Regions of interest (ROI).](pone.0212512.g003){#pone.0212512.g003}

Statistical analysis {#sec010}
--------------------

A linear mixed effects model was adjusted using temperature as a dependent variable. Due to the repeated measures for each participant and individual difference in basal body temperature, the participants were set as the random effect component in the model. The fixed effect included the variables of frequency, time, laterality and ROI. The categorical variable ROI had four levels (thighs, knees, calves and heels). The level of the heels was set as the baseline due it having the lowest temperature. The regression was performed with the intention to estimate the effect of frequency, time, laterality and ROI in Tsk. All statistical analysis was performed using R software, version 3.5.0 (R Foundation of Statistical Computing, Vienna, Austria) and the R libraries \[[@pone.0212512.ref038],[@pone.0212512.ref039]\]. Results are considered statistically significant If the p-value is under 0.01.

Results {#sec011}
=======

All the individuals declared, in the health-activity interview, no caffeine intake, no smoking (nicotine) and no sports training, at least, in the previous four hours before the intervention. The characteristics of the participants were mean (± standard deviation) age 37.0 ± 4.24 year; height 1.66 ± 0.04 m; body mass 73.49 ± 0.64 kg; body mass index 26.6 ± 1.48 kg/m^2^. All the individuals included in this study, concluded it.

[Fig 4](#pone.0212512.g004){ref-type="fig"} illustrates the pattern of the variation, in three individuals, of Tsk in different regions of interest on the right and on the left lower limbs (heels, thighs, knees and calves) with the exposure time at three vibration frequencies (0, 30 and 50 Hz) of WBVE. In almost of all participants, Tsk decreased with time, independently of the tested vibration frequency.

![Illustration of the effect of whole body vibration exercise (three individuals) on skin temperature of the posterior area of the lower limbs.](pone.0212512.g004){#pone.0212512.g004}

In the adjusted linear mixed effects model, variables of vibration frequency, time and ROI were significant (*p*\<0.001), however the variable laterality was not significant (*p* = 0.067). Thus, this variable was excluded of the model and a new model was adjusted. The F-test of overall significance determines whether the regression model is statistically significant and the Pseudo-R-Squared is a statistical measure of how close the data are to the fitted regression line. [Table 1](#pone.0212512.t001){ref-type="table"} shows the result of the linear mixed effects model without the variable laterality. The adjusted model was significant (F-test, *p*\<0.00001) and all variables in the model were significant (Intercept, Time, Thighs, Calves and Knees, *p*\<0.001, Frequency *p*\<0.01). The value of the Pseudo-R-Squared for this model was 0.8376.

10.1371/journal.pone.0212512.t001

###### The linear mixed effects model---dependent variable Tsk.

![](pone.0212512.t001){#pone.0212512.t001g}

  Variable         Coefficient   *p-value*
  ---------------- ------------- -----------
  Intercept        28.588        \<0.0001
  Frequency (Hz)   -0.002        0.0036
  Time (s)         -0.003        \<0.0001
  thighs           2.841         \<0.0001
  calves           1.994         \<0.0001
  knees            3.022         \<0.0001

Pseudo-R-Squared = 0.8376

The intercept (28.588) represents the standard temperature of the heels, which was set as the baseline. To estimate the mean temperature for each location considering a specific vibration frequency and a specific time, add the value of the coefficient intercept (28.588) to the value of the coefficient of the location (thighs = 2.841, calves = 1.994, knees = 3.022) plus the specific frequency multiplied by the coefficient frequency (-0.002) plus the specific time multiplied by the coefficient time (-0.003), according to the following regression model equation: $$\mathbf{T}\mathbf{s}\mathbf{k}\mspace{360mu} = \mspace{360mu} 28.588 + Coefficient\mspace{360mu} of\mspace{360mu} the\mspace{360mu} location + Frequency\mspace{360mu}.\left( {- 0.002} \right) + Time.\left( - 0.003 \right)$$

Discussion {#sec012}
==========

The purpose of this study was to evaluate the behavior of Tsk on WBVE using IRT. We hypothesized Tsk symmetry would be similar in right and left legs, which was confirmed by our results. The autonomic nervous system controls the blood flow of the skin so that it is anatomically and histologically symmetrical \[[@pone.0212512.ref040],[@pone.0212512.ref041]\]. This symmetry can also occur in Tsk. The difference between the contralateral ROI tends to be minimal \[[@pone.0212512.ref040],[@pone.0212512.ref041]\]. This fact may be responsible for the similar results in the right and left lower limbs, with laterality not being a significant variable in the adjusted statistical model. Chudecka *et al*, \[[@pone.0212512.ref042]\] have reported that in the scullers, the mean Tsk was always lower post than pre exercise, with no significant differences in an average temperature drop between the opposite sides, indicating that the work of the muscles involved in the physical exertion on the rowing ergometer was symmetrical. In addition, in the handball players, the Tsk in symmetric areas over the asymmetrically working muscles showed statistically significant differences between sides, which was associated with the functional asymmetry of training. Selfe *et al*. \[[@pone.0212512.ref043]\] reported that a difference greater than 1°C between body symmetry may indicate pathophysiological manifestation. This illustrates that thermal symmetry between limbs is essential in evaluating uniformity. The current result suggests that the oscillating nature of WBVE was not detrimental to participants in promoting a negative response. Due to the action of the mechanical vibration, WBVE is associated with higher muscle activity \[[@pone.0212512.ref044],[@pone.0212512.ref045]\], increased motor unit recruitment \[[@pone.0212512.ref046]\], enhanced blood flow \[[@pone.0212512.ref047]\], increased cutaneous sensitivity \[[@pone.0212512.ref048]\], and improved balance \[[@pone.0212512.ref044],[@pone.0212512.ref049]\]. Moreover, this finding is in agreement with the results of Chudecka *et al*. \[[@pone.0212512.ref042]\] with scullers.

In the present study, Tsk in the posterior region decreased in all experimental conditions (*p*\<0.001). The Tsk variation pattern was similar in all conditions, corresponding to a Tsk decrease, independently of the vibration frequency. This observation may be explained by the fact that WBVE initiates a rapidly and repeating eccentric-concentric action that evokes muscular work and elevates the body's metabolic rate \[[@pone.0212512.ref050]\] increasing in intramuscular temperature \[[@pone.0212512.ref031]\]. This modifies the thermal balance that activates the mechanism responsible for heat loss, which is mediated by the hypothalamic feedback system \[[@pone.0212512.ref051]\]. This change causes a redistribution of blood flow from inactive to active areas. Subsequently, with the continuation of WBVE the redirection of blood flow to the skin occurs, allowing heat exchange with the environment \[[@pone.0212512.ref052],[@pone.0212512.ref053]\]. This process aims to cool the skin so that the blood that is perfused returns to the internal body regions at a lower temperature, thus avoiding a dangerous state of hyperthermia \[[@pone.0212512.ref054]\]. Another plausible explanation is that mechanical vibration induces a vasoconstrictor response to decrease Tsk \[[@pone.0212512.ref034]\]. The present results are in agreement with Seixas *et al*. \[[@pone.0212512.ref032]\] who reported a significant decrease in Tsk after 5-minutes of WBVE (frequency = 35 and 45 Hz, amplitude = 5--6 mm) of the anterior thighs, that included lateral and medial areas. In contrast, Cochrane *et al*. \[[@pone.0212512.ref031]\] and Cochrane *et al*. \[[@pone.0212512.ref030]\] observed non-significant Tsk change, however \[[@pone.0212512.ref028]\], and Hazel *et al*. \[[@pone.0212512.ref029]\] reported a significant Tsk increase. It is important to note that the interventions and assessment protocols were heterogeneous, which may explain the discrepancies among the studies.

Seixas *et al*, \[[@pone.0212512.ref032]\] reported no significant difference in Tsk from WBVE, however it was not documented that there was a significant difference in Tsk between the groups before the commencement of WBVE. Together with the small sample size of each group (n = 6) and the small increment in vibration frequency (5 Hz) may have led to the non-significant finding. Although no significant differences in Tsk after the exposure to WBVE were reported, the study examined 20 ROI (in both lower limbs) and in the group exposed to 35 Hz Tsk significantly decreased in only 6 ROI while in the group exposed to 40 Hz Tsk significantly decreased in all ROI. In addition, Seixas *et al*. \[[@pone.0212512.ref032]\] study did not evaluate the temporal behavior of WBVE. In contrast, the current findings revealed that both 30 Hz and 50 Hz significantly decreased Tsk in calves, thighs and knees. A plausible explanation is that during WBVE a greater supply of blood is required in the active musculature where the body responds by shunting blood flow from the skin to working muscle in the first seconds of the 60-second exercise bout. In support of the current findings Sonza *et al*, \[[@pone.0212512.ref034]\] observed a decrease in Tsk of the lower limb temperature during 15 minutes and 10 minutes following WBVE of different vibration frequencies (31, 35, 40 and 44 Hz).

The presented mathematical model of the current study may be useful to justify the patterns observed for all vibration frequencies between and 0 and 50 Hz. Furthermore, this statement can justify and is in agreement with the results obtained by Sonza *et al*. \[[@pone.0212512.ref034]\] that have observed a decrease of Tsk of both legs due to WBVE in frequencies of the interval from 31 up to 44 Hz. The main limitations of the study were the reduced time of the intervention and not having evaluated other regions of the body.

Conclusion {#sec013}
==========

In conclusion, acute exposure of 60-second mechanical vibration has effect on the behavior of Tsk of the posterior region of the lower limbs, which is likely to be associated with a decrease on the blood flow due to WBVE. It is speculated that during WBVE a greater supply of blood is required where the body responds by shunting blood flow from the skin to working muscle in the first seconds of exercise. Further investigative work is required to verify this hypothesis.
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